The objective of this study is to develop an active noise controller based on optimal control approaches for enclosed Gaussian noise fields. By independent modal space control, the individual mode in the acoustic field is suppressed by the corresponding modal control exerted by loudspeakers. The formulation of the modal controller is considerably simplified because modal coupling is neglected. For the Gaussian noises considered in this study, the linear quadratic Gaussian algorithm in conjunction with the Kalman-Bucy filter is employed to perform state feedback and estimation. The developed controller is validated by simulations for a duct and a rectangular room. The results indicate that the technique will yield significant noise reduction if one uses the same number of controlled modes, microphones, and loudspeakers. Satisfactory performance is possible if one carefully avoids placing microphones and loudspeakers at the nodal points.
INTRODUCTION
Noise control for enclosed acoustic fields falls into two categories: the passive approach and the active approach.
The former is conventional and is based on some welldeveloped design methods such as the acoustic filter theory. • On the other hand, active noise control (ANC) 2 is based on a principle that one artificially generates an antifield to destructively interfere with the undesirable noise field. It provides certain advantages over the passive approach. These attractive features include improved low-frequency performance, reduction of size and weight, zero back pressure, and programmable flexibility of design. Advances are being made toward developing a commercial hybrid activepassive noise controller in which the low-frequency attenuation is provided by an active system, while the highfrequency attenuation is provided by passive hardware. There are many applications of the ANC technique, including silencers for gas pipelines, noise cancelers for air conditioning systems, mufflers for internal combustion engines, noise attenuators for vehicle or airplane cabins, and so forth. 2 This study focuses primarily on the development of an ANC technique for enclosed Gaussian noise fields, based on the linear quadratic Gaussian (LQG) 3 algorithm in conjunction with independent modal space control (IMSC). 4'5 The analysis is motivated by the formulation of the large space structure (LSS) 6'7 since both systems are of the distributed type and have an infinite number of degrees of freedom. The control actions for LSS may be taken in the actual space as well as in the modal space. The latter approach is adopted in this study due to the simplicity of the controller design. This simplicity stems from uncoupling a continuous system (described by a partial differential equation) into a set of simple oscillators (described by modal ordinary differential equations) via orthogonality of eigenfunctions. In theory, one can control the entire system by controlling the infinite number of modes of the system. In practice, one is only able to control low-frequency modes, e.g., below the Schroeder's cutoff frequency, where modal decomposition is meaningful. The applications of modal control can be found in many areas in structural dynamics, such as beam vibration, flo•w•-dnduced vibration, airfoil fluttering, and so forth. 6-•ø Among the modal control techniques, the IMSC seeks to control the individual mode of a continuous system by modal controls by neglecting modal coupling. This provides a remarkable reduction of problem size in controller design. However, IMSC requires distributed types of sensors and actuators which are essentially free of spillover effects. 5'• This poses a problem because the most commonly used transducers in acoustic applications are discrete types, e.g., microphones and loudspeakers. Thus a suitable approximation scheme must be taken to represent the measurement and control actions of the acoustic field by using a finite number of discrete sensors and actuators.
In the design of the modal controller, two techniques are available to accomplish the state feedback. One method is based on pole allocation and the other is based on linear quadratic (LQ) optimal control. •2-•4 In this research, the latter is adopted because it not only admits a reasonable balance between the control error and control effort but also yields a stable control system. In addition, if the control system of interest is subjected to stochastic excitations, then the LQG algorithm should be employed. In viewing that the LMS algorithm and its variants are prevailing methods in the ANC community, 2 the LQG-IMSC technique proposed in this paper provides a useful alternative in attenuating noises ployed. Satisfactory performance is possible if one carefully avoids placing actuators and sensors at the nodal points.
I. THEORY AND METHOD

A. Modal equations of the acoustic fields
In this section, modal equations of a duct and a rectangular room are derived by using the orthogonality of eigenfunctions. For the duct case of Fig. 1 , it is assumed that one end of the duct is driven by a rigid piston of surface velocity v(O,t) and the other end is left open with radiation impedance z n . The surface velocity is assumed to be Gaussian white. Since only the plane waves below the cutoff frequency are of interest, the duct field is essentially reduced into a one-dimensional problem. The governing equation of the duct field is •5 1 02p(x,t) 02p(x,t) cW = f ( x, t ) , ( ) subject to the boundary conditions
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and some initial conditions, where p(x,t) is the sound pressure in the duct, a(0,t) is the surface acceleration of the piston, f(x,t) is the control function, c is the speed of sound, and p is the density of medium. The open end of the duct can be approximated by a pressure-released boundary with the effective length of the duct L increased by 0.6x the radius a (for an unflanged circular duct).
•5 That is, p(x,t)=O at x=L(=l+O.6a).
Solving the eigenvalue problem associated with Eqs. 
where V is the domain of the volume integral for the room. 
ir(t) = Arxr(t) + Brfr(t) + Wrl (t), Y r(t) = Crxr(t) + Drwr2 (t),
The matrices Wrl(t ) and Wr2(t ) representing the noise terms of the source and the sensor, respectively, in the modal space 
where •r(t) = [(Drier(t) t•r(t)] T is the estimated modal state vector. Consider the state estimation error er(t)=•r(t)--Xr(t ). (36)
The optimization problem amounts to finding the modal gain matrix K r such that the weighted mean-square estimation error E{err(t)Wrer(t)} is minimized, where Wr is a symmetric and positive definite matrix. The optimal solution of the matrix K r (which is independent of the matrix Wr) can be calculated by 3 
Kr(t)=Qr(t)Crr(t)V•-2•(t), t>•to,
C. Discrete sensors and actuators
The ideal IMSC formulation requires distributed sensors and actuators. If this requirement is satisfied, then every mode of the continuous system can be controlled and no spillover will occur. 5 In practical implementation of the ANC system, only discrete loudspeakers and microphones are available from the state of art. This produces spillover prob-1. ems, as will be discussed in the end of this section.
First, the numerical aspect concerned with discrete sensors is discussed. Since in practice sound pressure can only be measured by a finite number of discrete microphones, an appropriate interpolation scheme must be used to accurately reconstruct the original acoustic field, i.e., 
i=1 which can also be written in the following matrix form: 
{fr(t) } = [ • ]{Fi(t)},
{Fi(t)}=[•]+{f r(t)},
where [cI)] + is the pseudoinverse of [cI)]. It should be noted that a pseudoinverse is not an actual inverse and the above process does not yield genuine IMSC. To design a control function for each controlled mode independently as required by IMSC, one must have as many loudspeakers and microphones as the controlled modes, m-n, in which case [cI)] + = [cI)] -•. The effect of this point will be explored further in Sec. II.
A final note regarding spillover effects is in order. It can be shown in IMSC that control spillover will not destabilize the system, although it can cause degradation in the system performance. 5 Observation spillover alters the system eigenvalues and can possibly produce instability in the residual modes. This is particularly true if the loudspeakers and microphones are not collocated. 5
The overall ANC system framework based on the LQG-IMSC technique is depicted in Fig. 3 . The sound pressure measured by the discrete microphones is interpolated, modal filtered, and fed to the modal LQG regulator. The regulator then produces optimal modal control functions that are in turn sent to the inverse modal filter and discretized into ac- 
A. The duct case
The LQG-IMSC technique is first applied to a duct of length 2 m and radius 0.1 m whose natural frequencies associated with the first eight acoustic modes are listed in Table  III 1,1,1) ,. Another problem that may arise in using discrei'e types of sensors and actuators is the spillover effect. This undesirable phenomenon may be alleviated by collocating the microphones and loudspeakers. Hardware implementation based on digital signal processors to verify the observation obtained from this simulation is currently under way.
